Development of the transport infrastructure in Poland has contributed to the implementation of various technologies of construction of bridges and their components. Use of reinforced soil for construction of embankments, retaining structures (RSS walls) and abutments is one of the solutions which has been frequently used for the past twenty years. Shortly after its development, the technology proposed by Henri Vidal in 1966 also and the ground investigation, the paper diagnoses and describes the mechanism which led to the emergence of the offsets. Potential patterns of the occurrence of additional settlements, as the reason for emergence of the offsets, were identified and analyzed. The settlement of the outermost support (abutment), as a result of increase of relative density of alluvial sands due to the dynamic interaction of the roadways of Wał Miedzeszyński Street, was analyzed. Analytical and numeric approaches were used in the course of analysis while relying on PLAXIS and MIDAS software.
INTRODUCTION
The road flyovers at the place where Trasa Siekierkowska route crosses over Wał Miedzeszyński Street are an element of Warsaw's road infrastructure built in the years 2000÷2002 (Fig. 1÷3) . The flyovers are three-span structures. The abutment columns are located 43 cm from the retaining walls which are made of reinforced soil [1] , [11] . In the further part of the paper, the outermost columns The deformation modules of the soil below a group of piles were determined based on the 2016 site investigations and the Polish Standard [14] . Deformation moduli of E0 = 100MPa for the sands, E0 = 33MPa for the sandy silty clay were derived. Increment of the settlement was calculated using the deformation method for a equivalent foundation block [10] . The observations and the leveling, which were made above the abutment P1 in the years 2015÷2016, demonstrated that a subsiding trough (a local depression) did not appear above the 4.0-meter-long approach slab, as well as along the 8-meter section directly beyond the slab, which could be indicative of settlement of the reinforced soil embankment. No increase of vertical or horizontal displacements was noted during the observations. The results of the analyses of the reason why the offsets emerged were presented while taking into account the observations, the measurements and the historical ground investigations as well as the surveys from the year 2016. Analytical and numerical analyses were applied. Analytical approach was used in the case of a single pile and a group of piles accounting for the results of load tests of the piles, and according to Standard [16] , accounting for the effects of the dynamic actions and the limit state stress levels in the reinforced soil. The numerical analyses were made with the use of MIDAS GTX NX (3D) [12] and PLAXIS (2D) [13] software while employing the elastic and plastic model with the Coulomb-Mohr condition.
ANALYSIS OF THE DISPLACEMENT OF THE SUPPORTS AND THE EMBANKMENT

ASSUMPTIONS AND SCOPE OF THE ANALYSIS
The purpose of the analysis was to determine and confirm, by means of calculations, the potential reasons of emergence of the offset u above the abutment P1. The occurrence of additional displacements, due to settlement of the abutment in P1 axis and the settlement of the subsoil of the adjacent embankments constructed in reinforced soil technology, was assumed to be the reason behind the emergence of the offset. The column-type supports of the flyovers were placed on large diameter bored piles with injections at the base, where the base and the vast part of the side surface of the pile shafts lay in non-cohesive soil. The following assumptions were made in the analyses:
-settlement of the supports due to permanent loads, during the initial phase of the construction, occurred while the flyover was being erected,
-the expansion joints were installed after the load of the flyover's structure and the embankment were placed on the foundations (with u = 0), -the occurrence of the offset in the expansion joint results from long-term actions leading to the occurrence of additional soil settlement.
The principal reason causing the offset were the additional settlement of the abutment P1 as a result of the dynamic impact of the traffic, which has led to the increase of the compaction of the mediumdense alluvial sands (with the initial ID = 0.45). Alluvial sands are present in the soil down to the level of ~10m below grade (below the ground level) in the immediate vicinity of the abutment P1 (Fig.   2÷4 ). Traffic impact is much more developed for P1 comparing to other piers. This is the result of localization the roadway of Wał Miedzeszyński Street close to the abutment and additional effects generated by heavy vehicles passing expansion joints.
SETTLEMENT OF THE OUTERMOST SUPPORT
ASSESSMENT OF THE DYNAMIC ACTIONS
The non-cohesive soils with low density index are susceptible to dynamic effects. Concerns regarding occurrence of such an unfavorable phenomenon were already signaled by the designers of the flyovers in the design documentation [1] . The effects of loosening of the sands when the piles were bored with use of a steel casing, and subsequent increase of density of the sands, have not been accounted for the analysis because of the base injections made of the piles [11] . Additional soil investigations, which were conducted close to the abutment P1 (Fig. 3 ) in 2016, demonstrated increase of relative density of the medium dense sands as compared to the results of the archival investigations. Due to the use of archival data, the names and the symbols of soil layers in Fig. 3 , and in further figures, are presented according to [14] . The list of essential soil layer names, according to [14] and [17] , is found in Table 1 .
According to the investigations of 2016, the relative density of the medium dense sands increased to the relative density from the initial phase (ID≥ 0.60). Deeper zones did not change as their density index remained ID> 0.80.
Based on [8] , the empirical criterion of occurrence of densification of sands due to forced vibration is defined by the maximum velocity of vibration, i.e. Vmax [cm/s] ! ID. The measurements of the vibration performed in the abutment P1 [1] , [11] , as generated by the vehicles traveling along Wał
Miedzeszyński Street, showed that the biggest vibration acceleration occurs in the vertical direction as trucks and buses drive along the street.
Partial impact of the vibration generated because of uneven surface of the road above the abutment P1 occurs in the form of a surface wave with aperiodic frequency of 10÷15 Hz [1] , [11] . The above fact has also been confirmed by the measurement results quoted in [2] . With the surface wave's speed which are difficult to quantify. In the analyzed case the method of assessment recommended in [2] was adopted as well as the geotechnical profiles found in Fig. 2 and the 15-meter piles, as determined based on pile record sheets.
The change of the density of alluvial sands, and hence the reduction of the volume of the soil medium, has been interpreted as the influence of negative friction Tn which is conveyed to the flyover's piles.
It has been assumed that the phenomenon potentially occurred along the length of the section of the piles located in the "compacted" layers of the non-cohesive soils as well the section passing through the cohesive soils lying above the non-cohesive soils at the time the roadways located on the flyover and beneath it were in operation. The negative friction value was assumed to be the value of the maximum side resistance of the analyzed soils, based on [16] . In the case of the abutment P1, the sequence of layers from the borehole (OW) no. 114 was taken as the reference sequence of layers ( Fig. 3 ).
ANALYTICAL ASSESSMENT OF SETTLEMENT OF A SINGLE PILE OF SUPPORT P1
To assess the impact that the additional load generated by negative friction will have on the settlement of the abutment (P1), an attempt was made to reconstruct the probable "load-settlement" (Q-s) curve which reflects the behaviour of the piles. The analysis was conducted on the basis of assumptions [5] , [10] . The forecast included comparison and analysis of the archival results of the load tests on the piles ( Fig. 6 ) of supports P2 (without grouting into the base) and P4 (with grouting into the base), made before the main piling works. By interpreting the settlement curves of test piles, estimates were developed as regards the piles' load capacity when calculated in accordance with the basic assumptions [15] . Moreover, the Q-s graphs were recreated for the test piles on the basis of the obtained load capacity results while relying on the assumptions of transformation functions. The effect of elastic shortening of piles was disregarded (it was a small magnitude value -in the case of C25/30 class of concrete, the negative friction load causes pile shaft to be shortened by around 0.1 mm). The calibration of the method used to calculate the load capacity of the piles and the determination of the values of function Q-s for the piles located underneath the abutment P1 were made easy since the diameters of all the piles are 100 cm while the ground conditions are relatively uniform. The difference in the stiffness of the piles, resulting from the grouting into the base, can be noted on the Q-s graphs (Fig. 6 ). The calibrated stiffness of a pile, depending on soil settlement, has been adapted to the ground conditions which are representative in the case of the abutment P1 ( Fig. 3 ), based on OW (borehole) no. 14.
In spite of the grouting having been made all the way to the bases of all piles of abutment P1, as presented in the as-built documentation, the estimates of soil settlement were also developed for the variant without grouting so as to examine the potential effects which could have contributed to the additional settlement of the structure. The analysis indicates that the potential influence that densification of the medium dense sands, resulting from dynamic impacts differs substantially between the piles with injections and the ones without injection into the base. It has been determined that settlement of a pile with and without injection is respectively 3 mm and 9 mm. An assumption was made that occurrence of an intermediate situation was possible as a result of technological imperfection of the injections and of the piles themselves. For that reason, it is justified to assess the value of the additional settlement, caused by increased the density of the medium/soil, as 6mm.
Calculations of potential average settlement of the supports installed on a group of piles, as per (2.1), were conducted to estimate the additional settlement of a single pile. Ultimately the estimated settlement of a group of piles is = 2.62•6 mm | 16mm.
NUMERICAL ANALYSIS OF SETTLEMENT OF THE GROUP OF PILES FOR THE SUPPORT P1
Calculations were conducted using the Finite Elements Method (FEM) to verify the settlement of a group of piles caused by permanent load and negative friction. The assumptions which were adopted were analogous as in the case of the estimation performed on the basis of the information obtained from test loads. The analysis was conducted developing a 3D spatial model (classes e 3 , p 3 ) with the use of MIDAS GTS NX software [12] (Fig. 7) . 
NUMERICAL ANALYSIS OF THE DISPLACEMENT OF THE CONNECTION BETWEEN THE EMBANKMENT AND THE STRUCTURE OF THE SUPPORT P1
The nature of displacements occurring in the reinforced soil embankment was analyzed with the use of MIDAS GTS NX software for comparative purposes [12] . 3D type FES models (Fig. 8, classes) and 2D model (Fig. 9b , e 2 , p 2 classes) were developed in the plain strain state and for the situation of the load applied to P1 abutment as the result of 15mm displacement.
A section of the support of the central flyover, 454 (Fig. 8) , having the width of 5.2 meters, was modeled adopting the basic dimensions from the archival documentation [11] . The system was modeled in two variants ( Fig. 8a and Fig. 8b ) which differed in terms of the structure of the model, the division into finite elements (meshing) and the method of reconstructing the foundation of the support. Integrated settlement of the support and of the block of ground (located directly under the pile cap, modeld without piles) which was subjected to densification, was adopted in variant 1. The influence of the block of ground on the surrounding soil was limited by applying contact elements, the so-called interface. No pile modeling was done due to adoption of kinematic boundary conditions.
Variant 2 assumed continuous lithological layers and piles as embedded-type elements. Soil parameters were adopted on the basis of soil investigation of 2016. Steel reinforcement of the embankment was modeled as linear elastic type elements + interface. The top layer (the road surface, the base course, the pavement), the barriers, the approach slab) was modeled while using elements with aggregated bigger rigidity than the material of the embankment.
The analysis was also independently conducted in plane strain state (2D) using PLAXIS software [13] and the assumptions which were analogous to the 3D model so as to verify the results.
Parts of displacement maps (Fig. 9b) form the visualization of the effect of persistence of upper layers of the embankment as compared to the lower levels which settled together with the pile cap due to the additional settlement which was caused, among others, by densification of the soil. The illustrated 
ANALYSIS OF SETTLEMENT OF THE ABUTMENT AND THE EMBANKMENT
It has been concluded that densification of alluvial sands, resulting from the vibration caused by the vehicular traffic on the roads of Wał Miedzeszyński Street and Trasa Siekierkowska route is the reason of additional settlement of the abutment P1 (on the northern end of the analyzed flyover 452
( Fig. 10 ) [6] . The geological cross-section adopted for the calculations is illustrated by Fig. 10a .
While accounting for the results of the ground investigation of 2016, two cases were contemplated because of the ambiguity of the geotechnical identification of the layers of the ground forming the subsoil for the group piles:
presence of proglacial lake silty clay with not drilled thickness, lack of sandy silty clay on the assumption that it has been replaced by compact coarse sand (CSa) [11] .
The following values of negative friction (Tn) and layer weights (Gi) were obtained, while accounting into account while applying the fatigue factors to the deformation modules of pile foundation [7] . In the case of non-cohesive soil, the adopted coefficient was 0.65, while in the case of cohesive soil it was 0.45.
Increase of settlement of the abutment as a result of densification of alluvial sands was caused by the live loads and the negative friction. Increase of settlement due to permanent loads also occurred, as a result of increased pressure at the base of a group of piles (Fig. 10) Increase of settlement of the flyover's support, in the situation of only sand lying below the base of the group of piles, was calculated using the deformation method and amounted 's1 = 12.0 mm. In the case of sandy silty clay -'s2 = 24.0 mm. The calculated increase of settlement has been considered to be equivalent to the offsets on the expansion joint (Fig. 10b) .
The horizontal extent xo of the settlement niche of reinforced soil embankment subsoil, as caused by the offset, was determined on the basis of the edge deflection of the semi-infinite shield of alluvial sands, having the thickness of 7.0 m and resting on an elastic Winkler subgrade of coarse sand in the FDS (flat deformation state), which is x0 | 5.6m counting from the outline of the pile group (Fig. 10) .
The horizontal extent of the sand densification zone was estimated using the method of geometrical damping in soils [2] . The description of vertical vibration in the dynamics applied for horizontal propagation of waves in the space around a group piles, at any depth, is defined by the equations (Fig.   4a ), ro = 2.6m, and the average horizontal distance from the outline of a pile group to the outer side of the depression niche is around 3.0m (Fig. 10b) .
The horizontal reach of the densification area will be slightly bigger due to flexural rigidity of the reinforced soil which has been additionally stregthened by the road pavement and the curbs and sidewalk surface. The maximum value of settlement due to the additional densification could be |30mm. Vibration measurements [1] , [11] (Fig.11a, Fig. 11b) (2.5)
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where: Vr = 23.0 kPa -the ultimate equivalent tensile stress in the soil-and-steel composite, determined based on a local condition of the limit state (slip of the reinforcement in soil along the resistance length 3.4 meters).
The results of the calculations performed using MIDAS software in 2D model (Fig. 9 ) confirmed that the negative friction around the piles in the reinforced soil embankment may cause the effect of vaulting. In the mechanics of rock formation and masonry the above effects are quite well described with the use of the limit state method in the elastic-and-plastic model. Publication [4] draws attention to the fact that in the case of engineering issues it is the solutions which are close to limit states of the soil that are of practical importance; the model of a free, heavy slope in a limit state [6] (Fig. 11b) was used for the description of the vaulting. The profile of the slope OB is described by the following equations:
where -the angle of inclination of the bigger main stress in respect of axis x, -accordingly, the mean normal stress at any point and in point O, -co-ordinates.
Finally, upon accounting for the boundary values, the equation describing the OB arching has taken the following form (2.7):
In the analyzed case, the result of the equation describing the vaulting is y=0.178x
2 . The limit state of stress in the embankment occurs below the critical depth hO (Fig. 10b) , as calculated according to the below equation (2.8):
(2.8)
In this case ho = 4.4m, the maximum height of vaulting is fO = 7.4 -4.4 = 3.0m, while the horizontal span of vaulting l is 4.1m (Fig. 10b) , which is a smaller value than the length of reinforcement strips (5.5m) (see Fig. 4a ). The vaulting that emerged caused lack of a local settlement trough underneath and behind the approach slab. unloading of the bottom reinforcement and increase of susceptibility to pulling it out, emergence of an additional horizontal force H (Fig. 11b) , pushing on the prefabricated face panels, with the force's value being H | 291kN/m at the top of the vaulting.
The sum of these effects has led to the deformation of the reinforced soil and to moving the face panels longitudinally and transversely in respect of the embankment (Fig. 11) .
CONCLUSIONS
The multi-aspect analysis of various variants of why the displacement of the abutment occurred, resulting in an "offset" emerging in the expansion joint, has confirmed the complexity of the examined issue. The numerical values quoted here are of secondary importance, however they have enabled some of the general issues affecting the reinforced soil abutments to be underlined.
The pavements of the roads and railways are the source of the vibration which leads to densification of the alluvial sands surrounding the side surfaces of the piles in the abutments of bridges. The effects of soil densification, which emerge during operation of such facilities, can be eliminated by:
avoiding to rest the prefabricated elements of the panel wall of reinforced soil on the abutment's pile cap (see. Table 1 . List of names and symbols of ground layers (Fig. 3,10 Nawierzchnie dróg samochodowych lub kolejowych są źródłem emisji drgań dogęszczających piaski aluwialne znajdujące się wokół pobocznic pali skrajnych podpór obiektów mostowych. Skutki dogęszczania powstające w czasie eksploatacji takich obiektów można eliminować poprzez:
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unikanie oparcia prefabrykatów ścianki osłonowej gruntu zbrojonego na oczepie pali podpory, podczas wyboru pali pod podpory skrajne wiaduktów należy preferować pale przemieszczeniowe dogęszczające piaski aluwialne, dotychczas przyjmuje się, że wzmacnianie podłoża palami lub mikropalami pod przyczółkami z gruntu zbrojonego ma na celu wyłącznie zapewnić dostateczną nośność oraz redukcję osiadań; obecność pali dodatkowo eliminuje rozwój przesklepień w gruncie zbrojonym. Brak uwzględnienia w obliczeniach obecności przesklepień powoduje nadmierne przemieszczanie prefabrykatów ścianek osłonowych.
